Coralyne is a small crescent-shaped molecule known to intercalate duplex and triplex DNA. We report that coralyne can cause the complete and irreversible disproportionation of duplex poly(dT)·poly(dA). That is, coralyne causes the strands of duplex poly(dT)·poly(dA) to repartition into equal molar equivalents of triplex poly(dT)·poly(dA)·poly(dT) and poly(dA). Poly(dT)·poly(dA) will remain as a duplex for months after the addition of coralyne, if the sample is maintained at 4°C. However, disproportionation readily occurs upon heating above 35°C and is not reversed by subsequent cooling. A titration of poly(dT)·poly(dA) with coralyne reveals that disproportionation is favored by as little as one molar equivalent of coralyne per eight base pairs of initial duplex. We have also found that poly(dA) forms a self-structure in the presence of coralyne with a melting temperature of 47°C, for the conditions of our study. This poly(dA) self-structure binds coralyne with an affinity that is comparable with that of triplex poly(dT)·poly(dA)·poly(dT). A Job plot analysis reveals that the maximum level of poly(dA) selfstructure intercalation is 0.25 coralyne molecules per adenine base. This conforms to the nearest neighbor exclusion principle for a poly(dA) duplex structure with A·A base pairs. We propose that duplex disproportionation by coralyne is promoted by both the triplex and the poly(dA) self-structure having binding constants for coralyne that are greater than that of duplex poly(dT)·poly(dA).
INTRODUCTION
Triple helix formation by a homopyrimidine-homopurine duplex and a third homopyrimidine strand was discovered over 40 years ago (1) , but remained essentially a curiosity for many years. A possible biological role for triplex DNA eventually emerged in the area of gene regulation with the discovery of H-DNA, a DNA structure formed by a pair of mirror repeat duplex sequences that contains a triple helix region (2) (3) (4) .
Most recently, triplex formation (including H-DNA formation) has received attention as a possible means to artificially control gene expression (i.e. antigene therapy) (5) (6) (7) (8) . However, for most triplex sequences the binding of the third strand (i.e. Hoogsteen strand) is considerably less stable than the Watson-Crick duplex (9) . This relative instability of triplexes remains a formidable barrier that must be overcome before triplex-based antigene therapies will become a reality (8) .
One approach to increasing triplex stability is to use small molecules that preferentially bind the triplex structure (5, 10) . Many of the small molecules that stabilize triplexes are intercalators, or molecules with a moiety that intercalates the bases of DNA (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) (21) . The development and characterization of such molecules has largely focused on planar molecules with a crescent shape that mimics the shape of a base triplet (Scheme 1). In this regard, the intercalating molecule can be viewed as a molecular template that stabilizes triplex formation by providing a template surface for base triplets. Expanding on this theme, our laboratory is also investigating the potential for small molecule intercalators to facilitate the assembly of nucleic acid structures for the purpose of non-enzymatic template-directed synthesis and replication (22) .
Here we report that coralyne, a small crescent-shaped molecule (Scheme 1), can cause the complete and irreversible disproportionation of duplex poly(dT)·poly(dA). That is, the strands of duplex poly(dT)·poly(dA) are repartitioned into a 1:1 mixture of coralyne-intercalated triplex poly(dT)·poly(dA)·poly(dT) and poly(dA), with each resulting structure being at one half the concentration of the original duplex (Scheme 1). Past studies have shown that coralyne intercalates both duplex and triplex structures, but binds to triplex DNA with a greater affinity than duplex DNA (12) (13) (14) 16, 20) . This is consistent with our observation that triplex formation is favored in the presence of coralyne, even though its formation results in a 2-fold loss of duplex secondary structure. Our extensive investigation of coralyne-disproportioned samples has also revealed that poly(dA) forms a self-structure in the presence of coralyne. This poly(dA) structure is likewise intercalated by coralyne, and binds coralyne with an affinity similar to that observed for triplex DNA. Thus, we propose that the stability of this poly(dA) self-structure with bound coralyne also contributes to the propensity for duplex poly(dT)·poly(dA) to disproportionate in the presence of coralyne.
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MATERIALS AND METHODS

Materials
Duplex poly(dT)·poly(dA) (lot 0087860021) and poly(dA) (lot 1027836011) were purchased from Amersham Pharmacia Biotech (Piscataway, NJ). Poly(dT) (lot 16H10741) was purchased from Sigma (St Louis, MO). The length of polymers in duplex poly(dT)·poly(dA) and single-stranded poly(dT) were determined by denaturing polyacrlyamide gel electrophoresis to all have an average length in excess of 500 nt. Poly(dA) was reported by the manufacturer to be 310 nt in average length, which was verified by gel electrophoresis. Coralyne chloride (lot 106C0362) was purchased from Sigma. All DNA polynucleotides and coralyne were used without further purification.
Sample preparation
Solutions containing poly(dA)·[poly(dT)] 2 and [poly(dA)] 2 ·poly(dT) were prepared by mixing poly(dA) or poly(dT) with duplex poly(dA)·poly(dT) in a 1:1 molar ratio, heating to 95°C and slowly cooling to room temperature. DNA and coralyne chloride concentrations were determined by UV-Vis spectrometery using the following extinction coefficients from the literature (20) : poly(dT)·poly(dA), ε 260 = 12 000 M -1 cm -1 per base pair; poly(dA), ε 257 = 8600 M -1 cm -1 per base; poly(dT), ε 264 = 8520 M -1 cm -1 per base; coralyne chloride, ε 420 = 14500 M -1 cm -1 . All samples were prepared in NaCl, Na-cacodylic buffer, pH 6.8. DNA and buffer concentrations are given below and in figure legends for specific samples.
Circular dichroism
Circular dichroism (CD) spectra were acquired on a Jasco J-720 CD spectrometer equipped with a RTE-111 temperature control unit. Poly(dA), poly(dT), duplex and triplex samples for CD measurements were (unless otherwise noted) 55 µM nucleotide, base pair or base triplet, respectively, 13 mM Na-cacodylic buffer, 115 mM NaCl, pH 6.8. Spectra were acquired using a 10 or 100 mm path length cell, depending on DNA concentration. CD melting profiles were generated by increasing the sample temperature at a rate of 0.8°C/min from 6 to 96°C, with a 5 min delay and spectrum collection at each step of 3°C.
UV-Vis melting studies
All UV-Vis absorbance measurements were performed using an HP 8453 UV-Vis diode array spectrophotometer equipped with an Agilent 89090A Peltier temperature control unit. Absorption measurements for T m determination were acquired over the interval 5-95°C, with temperature ramp rates of 0.75°C/min for both heating and cooling cycles. The instrument chamber with cuvette was purged constantly with nitrogen to prevent condensation on cuvette walls. For samples without coralyne the highest DNA concentration (stock solution) was 283 µM (nucleotide, base pair or base triplet), 666 mM NaCl, 66.6 mM cacodylic buffer, pH 6.8. For samples with coralyne the highest DNA concentration (stock solution) was 142 µM (nucleotide, base pair or base triplet) with a coralyne concentration of 70.8 µM (0.5 molar equivalent per base, base pair or base triplet). Samples at lower concentrations were produced by the stepwise dilution of stock solutions with dH 2 O to concentrations of 142, 70.8, 35.4, 17.7 and 5.6 µM nucleotide, base pair or base triplet.
RESULTS
Duplex poly(dT)·poly(dA) is disproportioned by coralyne
The CD spectrum of triplex poly(dT)·poly(dA)·poly(dT) at 6°C is shown in Figure 1 . The addition of coralyne to this sample results in the appearance of CD signals ∼330 and 440 nm (Fig. 1A) . These signals indicate the chiral ordering of coralyne in the presence of the DNA triplex. Changes in the DNA CD bands at ∼220 and 250 nm also suggest alteration in the triplex helical structure upon addition of coralyne. These changes can be attributed to the intercalation of poly(dT)·poly(dA)·poly(dT) by coralyne, as coralyne has been shown to intercalate this particular triplex with a binding constant of 3.5 × 10 6 M -1 (12) .
The CD spectrum of duplex poly(dT)·poly(dA) at 6°C is also shown in Figure 1 . The addition of coralyne to this sample at 6°C produces changes in the CD spectrum that are distinct from those observed for the triplex. The coralyne-associated bands ∼440 nm are virtually non-existent in the duplex sample (Fig. 1B) , in comparison with those that appear in the triplex sample. Furthermore, the duplex CD spectrum between 210 and 250 nm is less perturbed, suggesting less alteration in DNA secondary structure. These observations are consistent with previous reports that coralyne binds duplex DNA with a much lower affinity than triplex DNA (20) , and that coralyne may bind to duplex DNA through a non-intercalative mode (23) .
Upon heating to 35°C or above the CD spectrum of a poly(dT)·poly(dA) sample with coralyne undergoes a dramatic change. This is illustrated by a comparison of the CD spectra at 60°C of poly(dT)·poly(dA) with and without added coralyne ( Fig. 1C and D) . Qualitatively, the spectrum of a poly(dT)·poly(dA)·coralyne sample at 60°C more closely resembles that of a triplex with intercalated coralyne than that of the poly(dT)·poly(dA) duplex (Fig. 1A, C and D) . Subsequent cooling of a poly(dT)·poly(dA)·coralyne sample back to 6°C does not result in a return of the duplex CD spectrum observed prior to heating (Fig. 1E) . On the other hand, the CD spectrum of poly(dT)·poly(dA) remains unchanged for months following the addition of coralyne if the sample is maintained at 4°C. These observations indicate that the poly(dT)·poly(dA) duplex undergoes a structural change upon heating in the presence of coralyne (e.g. a conversion of duplex into triplex) that is irreversible by cooling. We note that the CD spectrum of poly(dT)·poly(dA) in the absence of coralyne also changes upon heating from 6 to 60°C (Fig. 1B and C) . This is indicative of a change in the precise helical geometry of this particular duplex (24, 25) . This broad (i.e. not highly cooperative) structural transition that takes place between ∼10 and 65°C is known as the poly(dT)·poly(dA) 'premelting' transition. In contrast to the coralyne-induced transition of poly(dT)·poly(dA), the premelting transition of poly(dT)·poly(dA) is completely reversed upon cooling back to 6°C.
CD melting profiles for DNA samples in the present study were generated by monitoring the CD signal at selected wavelengths as a function of temperature. These melting profiles are more informative than standard UV-Vis hyperchromicity plots for analyzing temperature-dependent DNA structural transitions since CD is far more sensitive to changes in DNA structure (26) . The CD melting profile of a poly(dT)·poly(dA) duplex, using the 247 nm CD signal, exhibits a single well-defined transition at 68°C (Fig. 2A) . This corresponds to the duplex-tosingle-stranded melting transition (T m 2→1 ). The T m 2→1 transition of poly(dT)·poly(dA) can also be seen in the 274 nm CD melting profile ( Fig. 2A) , but is not as obvious as it is in the 247 nm profile. The 274 nm profile is shown in Figure 2 for comparison with samples containing coralyne, since DNA structural transitions involving coralyne appear more pronounced in 274 nm CD melting profiles. Additionally, the gradual increase in the 274 nm melting curve from 10 to 65°C illustrates the broad temperature dependence of the poly(dT)·poly(dA) premelting transition mentioned above.
The CD melting profiles shown in Figure 2B for the first heating of a poly(dT)·poly(dA) sample after the addition of coralyne exhibit three transitions; at 35, 47 and 82°C. At first glance the 82°C transition might be mistaken for the T m 2→1 of the poly(dT)·poly(dA) duplex, occurring at a higher temperature than the free duplex due to the stabilizing effect of bound coralyne. ) is observed at 47°C. Vertical ellipticity scale is the same for all melting profiles. Samples were 55 µM nucleotide, base pair or base triplet, respectively. Coralyne concentrations, in samples containing coralyne, were 0.25 molar equivalents/base pair for poly(dT)·poly(dA) and poly(dA) samples; 0.5 molar equivalents/base triplet for poly(dT)·poly(dA)·poly(dT) samples.
However, 82°C is very close to the temperature at which triplex melting (T m 3→1 ) is observed for poly(dT)·poly(dA)·poly(dT) in the presence of coralyne (i.e. 84°C) (Fig. 2D) . Additionally, the change in the 274 nm CD signal of the poly(dT)·poly(dA)·cora-lyne sample at 82°C is exactly one half the magnitude of that observed for the poly(dT)·poly(dA)·poly(dT)·coralyne sample ( Fig. 2B and D) . The poly(dT)·poly(dA)·coralyne sample as prepared contained an equal concentration of poly(dA) but only half as much poly(dT) as the poly(dT)·poly(dA)·poly(dT)·coralyne sample. Thus, both the magnitude and temperature of the 82°C transition are consistent with the poly(dT)·poly(dA) duplex being disproportioned by coralyne (prior to the 82°C transition) into equal molar equivalents of poly(dT)·poly(dA)·poly(dT) triplex and single-stranded poly(dA), with each resulting species being equal in concentration to one half the initial concentration of the poly(dT)·poly(dA) duplex (Scheme 1).
As a further test of the proposed disproportionation, the CD spectrum of a poly(dT)·poly(dA)·coralyne sample at 60°C was compared with a composite spectrum that is the numerical sum of a coralyne-intercalated poly(dT)·poly(dA)·poly(dT) CD spectrum and the CD spectrum of single-stranded poly(dA), both acquired at 60°C (Fig. 3C ). The close match between the poly(dT)·poly(dA)·coralyne sample spectrum and the composite spectrum strongly supports the proposed disproportionation. An alternative possibility, that poly(dT)·poly(dA) is disproportioned into a poly(dT)·poly(dA)·poly(dA) purine triplex and single-stranded poly(dT) is not supported by a similar analysis. That is, a composite spectrum that is the sum of the CD spectrum of a [poly(dA)] 2 ·poly(dT) sample containing coralyne and the CD spectrum of single-stranded poly(dT) does not match the CD spectrum of the poly(dT)·poly(dA)·coralyne sample following heating (Fig. 3E) .
We now address the significance of the 35°C transition observed in melting profiles from the first heating of a poly(dT)·poly(dA) sample after the addition of coralyne (Fig. 2B) . The temperature profile and T m value of this transition are most easily appreciated in a 219 nm CD melting profile (Fig. 2B) . Samples of poly(dT)·poly(dA) without coralyne show no evidence of this transition. Furthermore, the 35°C transition is not observed when a poly(dT)·poly(dA) sample with coralyne is heated for a second time after it is initially heated to above 35°C and cooled back to 6°C (Fig. 2C) , nor is this transition observed in any subsequent heating of the sample. Additionally, after its first heating above 35°C, the CD spectrum of a poly(dT)·poly(dA)·coralyne sample over the complete temperature range measured (6-96°C) is well represented by a composite CD spectrum from coralyne-intercalated triplex and single-stranded poly(dA) samples. As an example, the CD spectrum of a heat-cycled poly(dT)·poly(dA)·coralyne sample at 6°C is shown in Figure 3D with a composite spectrum that is the sum of a coralyne-intercalated triplex spectrum and a poly(dA) spectrum collected at 6°C. Thus, the 35°C transition observed during the first heating of a poly(dT)·poly(dA) sample after addition of coralyne is assigned to duplex disproportionation. We note that the initial increase in the 274 nm CD signal of poly(dT)·poly(dA) with coralyne can be assigned to the premelting transition, whereas the decline which begins at ∼25°C results from the onset of disproportionation (Fig. 2B) .
At 35°C the disproportionation transition is more than 30°C away from the poly(dT)·poly(dA) duplex melting transition at 68°C (T m 2→1 ), and presumably even further from the hypothetical (unobserved) melting transition of a poly(dT)·poly(dA) duplex with bound coralyne. Nevertheless, our CD spectra indicate that disproportionation is complete well below 68°C. This observation suggests that any poly(dT) liberated from a poly(dT)·poly(dA) duplex in the presence of coralyne, even at a temperature where the duplex would generally be considered completely stable, is irreversibly recruited by another poly(dT)·poly(dA) duplex to form a coralyne-intercalated triplex.
Poly(dA) forms a self-structure with intercalated coralyne
The first and all subsequent melting profiles of a poly(dT)·poly(dA)·coralyne sample also exhibit a melting transition centered at 47°C (Fig. 2B and C) . A transition at this same temperature is observed in the melting profiles of poly(dA) samples containing coralyne (Fig. 2E ), but not in the melting profiles of samples containing only poly(dA) or only coralyne. The sigmoidal shape of the 47°C transition indicates a cooperative transition, similar to the cooperative melting of a DNA duplex. This would not be expected for the non-cooperative release of coralyne molecules bound to single-stranded poly(dA), and suggests that poly(dA) forms a self-structure with base pairing in the presence of coralyne. To determine if the poly(dA) self-structure is multistranded (e.g. base paired) we measured the migration of poly(dA) in a non-denaturing polyacrylamide gel with and without coralyne added prior to gel loading. Poly(dA) without coralyne exhibits a mobility consistent with an average polymer length of ∼310 nt. However, poly(dA) from a sample containing coralyne (25 µM coralyne, 50 µM adenine base) migrates with a molecular weight corresponding to >5 kb (gel image not shown). This tremendous increase in the apparent molecular weight of poly(dA) supports the formation of a multistranded, presumably A·A base paired, self-structure in the presence of coralyne.
UV-Vis spectrophotometery was used to investigate the nature of coralyne interaction with the poly(dA) self-structure. The 375-480 nm region of the coralyne absorption spectrum is shown in Figure 4 for samples of coralyne alone and in the presence of poly(dA). The local maxima at 412 and 435 nm in the spectrum of coralyne in the presence of poly(dA) indicate that coralyne intercalates the poly(dA) self-structure (23). To determine the limit to which coralyne can intercalate this DNA structure we also conducted a Job plot analysis (27) . For this analysis the ratio of coralyne absorption at 412 versus 435 nm was plotted as a function of relative concentrations of coralyne to poly(dA) (in units of nucleotide base/4), with the sum total concentration of coralyne and adenine nucleotide base held constant at 50 µM. The ratio of the 412 versus 435 nm absorption was chosen for the Job plot since this ratio is ∼0.85 for intercalated coralyne, yet is approximately inverted for coralyne free in solution (Fig. 4A ). For coralyne:adenine nucleotide base concentrations from 1:0 to 1:4 (abscissa values of 0-0.5 on the Job plot in Fig. 4 ) the ratio of the 412 versus 435 nm absorption is almost constant at 0.85. This is consistent with coralyne being completely intercalated by poly(dA) for this range of relative concentrations. However, there is an abrupt change in the Job plot slope at a relative concentration of one coralyne to four adenine nucleotide bases. Above this relative concentration the ratio of the 412 versus 435 nm absorption increases monotonically, indicating that increasing the proportion of coralyne to adenine nucleotide base above 1:4 increases the amount of free coralyne in solution rather than the amount of coralyne intercalated by poly(dA). Thus, coralyne intercalation into poly(dA) is limited to one coralyne per four adenine bases. This corresponds precisely to the maximum intercalation allowed under the nearest neighbor exclusion principle (i.e. intercalation between every other stacked base pair) for a duplex poly(dA) self-structure with A·A base pairs.
The CD spectra presented in the previous section also indicate that the affinity of coralyne for the poly(dA) self-structure is comparable with its affinity for triplex poly(dT)·poly(dA)·poly(dT). This was revealed during our comparison of CD spectra of disproportioned poly(dT)·poly(dA)·coralyne samples with composite spectra. The poly(dT)·poly(dA)·coralyne spectrum shown in Figure 3D contained 0.25 molar equivalents of coralyne per A·T base pair, in terms of the sample duplex prior to disproportionation. This implies that the disproportioned sample contained 0.5 molar equivalents of coralyne per base triplet. A poly(dT)·poly(dA)·poly(dT) triplex can be intercalated by coralyne up to a density of 0.5 intercalators per base triplet (12) . Therefore, if the triplex in the disproportioned sample was intercalated to saturation it would bind all of the corlayne in the sample. However, between 6 and 47°C the CD spectrum of a heat-cycled (disproportioned) poly(dT)·poly(dA)·coralyne sample was more closely matched by a composite spectrum that included a spectrum of poly(dA) with coralyne, rather than a spectrum of poly(dA) without coralyne. Thus, the self-structured poly(dA) in the disproportioned duplex sample is partially intercalated by coralyne below 47°C, at the expense of the triplex not being intercalated to saturation. This observation is consistent with recent equilibrium dialysis experiments which demonstrated that the affinity of poly(dA) for coralyne is comparable with that of triplex poly(dT)·poly(dA)·poly(dT) at room temperature (20) .
Coralyne experiences at least three distinct environments in a disproportioned duplex sample
In Figure 5 the 370-480 nm region of UV-Vis absorption spectra are shown for the heating of triplex poly(dT)·poly(dA)·poly(dT) with coralyne (0.5 equivalents of coralyne per base triplet). The spectra shown were collected for each 2°C temperature step over a course of heating from 5 to 95°C. Spectra acquired at the lower temperatures are indicative of coralyne completely intercalated by DNA, whereas spectra acquired at the highest temperatures resemble the spectrum of coralyne free in solution (i.e. not intercalated) (28) . The complete set of spectra exhibit an isobestic point at 433 nm (Fig. 5) , which indicates that coralyne molecules experience only a single transition between two distinct environments over the entire temperature range studied. Thus, coralyne molecules go from being intercalated in a triplex to free in solution with no intermediate steps. A melting profile produced by plotting the coralyne absorbance at 417 nm as a function of temperature (not shown) contains a single transition that closely resembles the 84°C transition in the CD melting profile of the triplex sample shown in Figure 2D . Thus, the melting of the triplex and the release of coralyne are coupled and well represented as the same two-state system. UV-Vis absorption spectra are also shown in Figure 5 for a disproportioned poly(dT)·poly(dA)·coralyne sample over the course of heating from 5 to 95°C. The shape of the coralyne absorption bands indicate substantial DNA intercalation at the lower temperatures, and free coralyne at the higher temperatures, similar to that observed for the triplex sample. However, spectra of the disproportioned duplex sample do not exhibit an isobestic point. This indicates that coralyne experiences at least three distinct environments in this sample over the course of heating from 5 to 95°C. Furthermore, melting profiles generated from these spectra reveal pronounced changes in coralyne absorption at temperatures that correlate with melting of the poly(dA) self-structure and the triplex (data not shown). Thus, the three environments experienced by coralyne molecules in the disproportioned sample include: free in solution; intercalated into self-structured poly(dA); and intercalated into the triplex (Scheme 2). The observation of changes in coralyne absorption which coincide with poly(dA) self-structure melting also confirm that existence of the poly(dA) self-structure is coupled to intercalation by coralyne.
Poly(dT)·poly(dA) can be disproportioned by just one coralyne per eight base pairs
We have also investigated the minimum molar ratio of coralyne necessary for poly(dT)·poly(dA) disproportionation. This was accomplished by titrating a poly(dT)·poly(dA) sample (55 µM base pair) in increments of 0.025 molar equivalents of coralyne per base pair. Following each coralyne addition the sample was annealed at 95°C and the CD spectrum collected after cooling to 60°C. The series of spectra resulting from this titration are shown in Figure 6 . The initial spectrum in this series is that of duplex poly(dT)·poly(dA), whereas the final spectrum corresponds to a completely disproportioned poly(dT)·poly(dA)·cora-lyne sample. All intervening spectra can be fit by composite spectra that are a weighted sum of the initial and final spectra. That is, intervening spectra = (1 -x) × (initial duplex spectrum) + (x) × (final disproportioned duplex spectrum), where x is the fraction of duplex disproportioned for a given concentration of coralyne. A plot of duplex fraction disproportioned versus coralyne concentration is shown in Figure 6 .
From 0 to 5.5 µM coralyne the amount of duplex disproportioned is essentially linear in response to coralyne concentration, with a slope of 8.0 µM base pair of duplex disproportioned per 1.0 µM of coralyne (Fig. 6) . This implies that a duplex is disproportioned, at 60°C, when there is sufficient coralyne to intercalate the resulting triplex only once every four base triplets. (We note that at 60°C there is no poly(dA) self-structure to compete with the triplex for coralyne intercalation.) This level of triplex intercalation is only one half the level allowed by the nearest neighbor exclusion principle, indicating an anticooperativity in coralyne intercalation. In other words, it is less favorable for coralyne to intercalate a triplex already containing one coralyne per every four base triplets than it is for coralyne to disproportion more duplex and intercalate the resulting triplex to the same level (i.e. 50% saturation). When ∼85% of the duplex (originally 55 µM base pair) has been disproportioned the rate of duplex disproportionation as a function of added coralyne decreases. Complete disproportionation occurs at ∼0.15 molar equivalents of added coralyne (in terms of initial duplex base pair concentration).
Triplex formation hysteresis increases in the presence of coralyne and with sample dilution
We have also investigated the disproportionation of duplex poly(dT)·poly(dA) as a function of DNA and coralyne concentration. For this part of our study the T m values for triplex, duplex and self-structured poly(dA) were determined using the standard method of monitoring DNA hyperchromicity at 260 nm as a function of temperature. For all samples the relative concentrations of nucleotide base, salt, buffer and coralyne (for samples containing coralyne) were held constant as stock samples were diluted with dH 2 O. For all secondary structures T m values were derived from both heating and cooling ramps of sample thermal cycles. Results from a titration of poly(dT)·poly(dA) with coralyne to determine the minimum concentration of coralyne required for duplex disproportionation. (A) Spectra of a poly(dT)·poly(dA) sample, 55 µM base pair, from no added coralyne to 13.8 µM coralyne. Each spectra corresponds to an increase in coralyne concentration of 1.38 µM (i.e. 0.025 equivalents of coralyne per base pair of original duplex). Following each addition of coralyne the sample was heated to 95°C and then cooled to 60°C. Spectra were collected at 60°C. The initial spectrum is typical of duplex poly(dT)·poly(dA), whereas the final spectrum is that of a completely disproportioned poly(dT)·poly(dA)·coralyne sample. (B) A plot of the percentage of original duplex disproportioned as a function of coralyne concentration. Coralyne concentration is given in terms of molar equivalents of coralyne per base pair of original duplex. The fraction of duplex disproportioned was determined by a least-squares fit of each spectra in (A) with a weighted sum of the initial and final spectra of the titration.
Scheme 2.
The proposed three-state melting of a disproportioned poly(dT)·poly(dA)·coralyne sample. Although coralyne-intercalated poly(dA) is depicted as being single stranded, our data indicates that coralyne-intercalated poly(dA) exists as a base-paired duplex structure. samples at a particular base triplet concentration are virtually identical to those shown for the duplex samples at a corresponding base pair concentration (T m 2→1 values not shown for triplex samples). The T m values derived from the heating and cooling ramps are within experimental error of each other for both the coralyne-free duplex and triplex samples (Fig. 7) . This lack of hysteresis indicates that these secondary structures reform at a rate that is fast compared with the time scale of minutes at which the samples are cooled and heated.
There are three major differences for the T m values measured for triplex samples that contain coralyne (Fig. 7) : (i) triplex T m values are greater for samples containing coralyne with respect to triplex samples at the same concentration without coralyne. This is as expected and has been previously reported (16, 20) .
(ii) The triplex melts in a single transition at all concentrations measured. Thus, the T m values shown correspond to the separation of the triplex Hoogsteen and Watson-Crick strands into three single strands (i.e. T m 3→1 ). This is in contrast to the coralynefree triplex samples where T m 3→2 is a separate transition and at a lower temperature than T m 2→1 for all triplex concentrations measured. (iii) T m values measured during sample heating are greater than those measured during sample cooling. This hysteresis increases with sample dilution (Fig. 7) . This could result from a slower rate of triplex reformation with sample dilution, as triplex formation requires both the association of the DNA strands and the binding of multiple coralyne molecules. However, the propensity for poly(dA) to form a self-structure in the presence of coralyne appears to contribute substantially to the triplex formation hysteresis (vide infra).
For poly(dT)·poly(dA) samples with coralyne it is not possible to report T m 2→1 values, as these samples are completely disproportioned at all concentrations studied. Therefore, the two sets of T m values shown in Figure 7 for the poly(dT)·poly(dA) samples with coralyne correspond to the coralyne-intercalated triplex (T m 3→1 ) and the coralyne-intercalated poly(dA) self-structure (T m poly(dA) ) melting transitions within the disproportioned samples. The triplex T m 3→1 values for these samples are very close to those measured for the triplex samples with coralyne (Fig. 7) .
Poly(dA) self-structure formation is kinetically favored over duplex and triplex formation
The T m poly(dA) values shown, and their hysteresis, are far less sensitive to sample concentration than the triplex T m 3→1 values (Fig. 7) . This can be explained by poly(dA) being a homopolymer and therefore able to form an intramolecular self-structure. The T m of this would, of course, be insensitive to poly(dA) concentration. In this case, the modest decrease in T m poly(dA) values observed with sample dilution (Fig. 7) can be attributed to the reduced absolute concentration of coralyne and ionic strength (relative concentrations are constant). As noted above, polyacrylamide gel electrophoresis studies of poly(dA) in the presence of coralyne revealed the formation of intermolecular poly(dA) self-structures. Thus, the poly(dA) self-structure is able to form by both intra-and intermolecular association.
Triplex T m 3→1 values derived from heating ramps of coralyne-disproportioned poly(dT)·poly(dA) samples are shown in Figure 7B for DNA concentrations as low as 5.6 µM per base pair. However, T m 3→1 values derived from cooling ramps are only shown down to a concentration of 17.7 µM base pair. The heating ramp T m 3→1 value at 5.6 µM base pair was obtained during the first heating cycle of a sample that was diluted with dH 2 O from a higher concentration, and therefore may not represent a system at thermodynamic equilibrium. For these samples the T m 3→1 transition was not observed at any temperature upon sample cooling, despite being cooled to 5°C at a rate of 0.75°C/min. It was also not possible to determine the T m poly(dA) during the cooling ramp, but this can be attributed to the relatively small hyperchromicity of this transition being in the signal noise at this sample concentration. Which DNA secondary structure (duplex, triplex, poly(dA) self-structure) is thermodynamically favored in a 5.6 µM base pair duplex sample containing coralyne is of interest since extrapolation of the T m 3→1 and T m poly(dA) values for samples with coralyne, and the T m 2→1 value for a duplex sample without coralyne, indicate that all three transitions will occur at approximately the same temperature for this particular DNA concentration (Fig. 7B) .
To determine which DNA secondary structure is thermodynamically favored in the disproportioned duplex sample at 5.6 µM base pair, in the presence of coralyne, the CD spectrum of a poly(dT)·poly(dA)·coralyne sample was collected over time after it was heated to 95°C and then cooled to 4°C. Each spectrum of this time course study could be represented by a composite spectrum of a model that assumes the sample to contain a mixture of only two possible states: poly(dA) self-structure with an equal molar amount of single-stranded poly(dT) (i.e. no duplex or triplex); and triplex poly(dT)·poly(dA)·poly(dT) with an equal molar equivalent of poly(dA) self-structure (i.e. a disproportioned duplex sample). The ability to fit all spectra in this series by these two states indicates that no appreciable poly(dT)·poly(dA) duplex is formed in this sample at any time point of the study. The initial spectrum in this study was consistent with all poly(dA) of the sample having the poly(dA) self-structure and all poly(dT) being single-stranded. Since in the absence of coralyne the poly(dT)·poly(dA) duplex reforms with no appreciable hysteresis (Fig. 7B) , we can conclude that duplex reformation was inhibited by the formation of the poly(dA) self-structure. The triplex structure did eventually reform in this sample to the level expected for a disproportioned sample. However, the rate constant for triplex formation is such that 50% of the total possible triplex was reformed only after incubation for 13 h at 4°C. In contrast, formation of the poly(dA)-self structure was complete in less time than was required to acquire the first CD spectrum (<10 min). Thus, the coralyne-intercalated triplex is still thermodynamically favored over the duplex and the coralyne-poly(dA)-self structure at the lowest concentration sample measured, whereas poly(dA) selfstructure formation is kinetically favored over duplex and triplex formation.
DISCUSSION
We have shown for the first time that a small intercalating molecule can cause the complete and irreversible disproportionation of duplex poly(dT)·poly(dA). Limited disproportionation of poly(dT)·poly(dA) has previously been reported, but only in the presence of Mg 2+ or at relatively high monovalent salt concentrations (∼1 M NaCl) (29) (30) (31) . Moreover, duplex disproportionation was previously observed at temperatures close to the duplex melting transition, and was reversed by cooling. We have found that the complete and thermally irreversible disproportionation of poly(dT)·poly(dA) by coralyne occurs at ∼35°C, which is at least 30°C lower than the poly(dT)·poly(dA) duplex transition in the absence of coralyne (i.e. 68°C). Thus, at the point of duplex disproportionation the equilibrium concentration of free poly(dA) and poly(dT) strands must be extremely small. A mechanism for disproportionation that would be consistent with our observations involves frayed duplex termini, where the two strands of one duplex form a coralyne-intercalated triplex with the poly(dT) strand from a frayed end of another duplex. This could then be followed by the unzipping of one duplex to simultaneously form a triplex and single-stranded poly(dA). This model is also consistent with our observation that a sample of duplex poly(dT)·poly(dA) remains as a duplex for months after the addition of coralyne if the sample is maintained at 4°C, a temperature that would minimize frayed ends.
We have also demonstrated that poly(dA) forms a self-structure in the presence of coralyne. The cooperative melting transition of this structure suggests the formation of A·A base pairs. This is also supported by our Job plot analysis which revealed that the poly(dA) self-structure obeys the nearest neighbor exclusion principle for intercalation by coralyne, if a duplex structure is assumed. Evidence for the formation of a poly(dA) self-structure with A + ·A + base pairs has previously been reported under slightly acidic conditions (i.e. pH 4.1) (32) . The CD spectrum shown here for poly(dA) with added coralyne at 6°C (Fig. 3A) has features that resemble the CD spectrum of the acidic self-structure of poly(dA) (32) . It is therefore possible that these are the same or similar structures. However, there is more than one possible way for the adenines of poly(dA) to form hydrogen bonded A·A base pairs. Thus, additional structural studies are required to determine the actual structure assumed by poly(dA) in the presence of coralyne.
In hindsight, the disproportionation of duplex poly(dT)·poly(dA) by coralyne might have been anticipated since both triplex poly(dT)·poly(dA)·poly(dT) and poly(dA) have binding affinities for coralyne that are greater than that of the duplex (20) . Conversely, if favorable binding of both triplex and poly(dA) is an absolute requirement for the irreversible disproportionation of duplex poly(dT)·poly(dA), this could explain why this phenomenon has not been reported previously for other intercalators. Based upon the limited number of small molecules for which binding to poly(dA) has been investigated, it appears that coralyne may be rather unique with regard to its similar affinity for triplex poly(dT)·poly(dA)·poly(dT) and poly(dA) (20) .
A number of other coralyne-like molecules have also been reported which preferentially stabilize DNA triplexes over duplexes (16) . Therefore, it is possible that these molecules can likewise drive duplex disproportionation, particularly if these molecules prove to bind poly(dA) as well. We note that triplex and duplex T m values reported for poly(dT)·poly(dA)·poly(dT) and poly(dT)·poly(dA) in the presence of several coralyne-like molecules are identical for the triplex and duplex samples (16) . This would be consistent with the T m 2→1 values measured for the duplex samples actually being the T m 3→1 values of the triplex in a disproportioned sample. In any case, the propensity for coralyne to cause the disproportionation of poly(dT)·poly(dA) mandates that caution be exercised when interpreting the melting curves of poly(dT)·poly(dA) in the presence of coralyne or coralyne-like molecules.
In conclusion, the results presented here illustrate the potential for small intercalating molecules to selectively drive nucleic acid structural transitions. We have demonstrated that intercalation by coralyne can cause the conversion of a duplex into a triplex and poly(dA). Intercalation by ethidium, on the other hand, has previously been shown to promote duplex formation over triplex formation for poly(rU) paired with either poly(rA) or poly(dA) (33, 34) . Thus, it should be possible to selectively promote a number of nucleic acid structural transitions by using small molecules that selectively intercalate a desired structure(s) over all other possible structures. Tables of structurebased relative affinities for small molecules, such as those generated by competition dialysis (20) , should prove particularly useful for selecting the most appropriate molecule for stabilizing a desired structure.
